The results of this theoretical study combining sequence analysis and minimization with integral equation liquid structural methods indicate that the local sequence context of a T-G wobble mismatch influences the local conformation of the helix, and that conformational alterations are correlated with mutational activity. Studies on the mismatch in four different 5' and 3' neighbor contexts indicate that the nature of the 5' base to the thymine of the mispair is probably the single most critical factor in determining the structural features that facilitate or discourage mutations. When cytosine is the 5' neighbor, the helix adopts a mostly B lt conformation, whereas a 5' guanine preserves the canonical B,. Structures that vary little from the B, structure on the incorporation of the mismatch have sequences that correspond to lower rates of transition, whereas those with mostly B M conformations, have sequences with high mutation rates. Subtle variations in stacking patterns around the mismatch precipitate a structural Domino-effect, with a variety of changes in conformation. The helix opens at the mismatch with increased roll angle and propeller twist, causing the thymine to migrate into the major groove and the guanine into the minor groove, exposing the heteroatomic groups to the solvent in the major and minor grooves, respectively, and allowing for some unusual hydrogen bonds. These alterations show a tentative correlation with mutation rates, implying that stacking and structure around the mismatch are important features in the discrimination by proofreading activities of canonical W-C and wobble mismatch base pairs during replication-repair. Variations in the C1'-C1' distances, high propeller twists, changes in the electrostatic complementarity leading to unusual hydrogen bonding patterns probably all correlate with detectability.
INTRODUCTION
Faithful propagation of genetic information is dependent upon many factors: fidelity of base selection (1); contents of the nucleotide pool (2); metal ions (3); and local structure and interactions between neighbor pairs (4, 5) . Errors of misinsertion together with the failures and consequences of post-replicative repair (6, 7) occur with a frequency of 10~8-10~9 (8) . By all accounts, the primary contributing factor to this level of spontaneous substitution mutations is the rare formation of odd tautomeric (9) and wobble pair intermediates (10) (11) (12) . Some wobble pairs can be incorporated into the helix without significant distortion of local structure and interactions as shown by diffraction (12, 13, 14) spectroscopy (15; 16) , and modeling studies (17) (18) (19) . The (T-G) wobble pair is a proposed intermediate in the (C-G) -(T-A) transition. The geometry of this pair has been examined in single crystals of a dodecanucleotide duplex by diffraction (14) , as well as by molecular dynamic simulation (20) ; both in the same surrounding sequence. The origin and rates of mutation (21) as well as the repair of mispairs (6,7) depend on the local sequence context. The fastest mutation rates generally occur in regions of alternating purines and pyrimidines, and the slowest in homo-purine(pyrimidine) tracts (21) . Accordingly, as a first step in a theoretical effort we have conducted a free-energy molecular mechanics study of model oligonucleotide duplexes with wobble pairs in different sequence contexts in order to gain more insight into the molecular contributions of local sequence and solvent to the variations in rates of spontaneous transition mutations. The backbone and helical parameters of a (T-G) wobble pair with different nearest-neighbors has been investigated systematically in solvent environment. The particular series of * To whom correspondence should be addressed structures examined in this study are described in the following section, while the next section contains a brief exposition of the integral equation basis for the molecular mechanics approach that has been used. Results and discussion are followed by conclusions.
MODEL COMPOUNDS
Model compounds (symmetric heptanucleotide duplexes) with a central (T • G) wobble pair in all different neighbor environments, as shown in Table I , were constructed to investigate the effect of the nearest-neighbors on the structure and stability of mismatches. We examined correct sequences, mutations in strand I and, as a control, the same mutant where the complementary replacement was made in strand n. Each class of the model compounds were created in B-form, using the program QUANTA/CHARMm (22) as follows:
Sequences
Heptanucleotide duplexes without any mismatch, and having the following sequence: 
Mutants
Heptanucleotide duplexes with a central (T-G) mismatch. Cytosine on strand I (residue 4 in the above representation) is changed to a thymine to create a (T-G) mismatch. Duplexes involving the (C-G) -(T-A) transition with a wobble (T-G) intermediate, were constructed by changing C to T in the original sequence, and are hereafter referred to as mutants.
Controls
Heptanucleotide duplexes with a (T-G) mismatch, but created by first building a sequence with a central (T-A) pair and then changing adenine on strand II (residue 11 in the representation below) to a guanine, as shown below: where '*' indicates different nearest neighbors. Controls were designed to see whether our results were sensitive to the starting coordinates and to see whether we converged to the same minimum regardless of this change in the starting coordinates for the mismatch. This was found to always be true, since our results did not show any dependence on the starting coordinates. The first two pairs (residues 1, 2 in the above representations), rGG.i' ^d the last two pairs (6, 7 in the above representations), 3cc..J'> are me same m ^ th e model compounds. These pairs were included in part to prevent fraying of the ends, but omitted from the final analysis. The central three pairs of the model compounds are divided into those containing 5'C and those with 5'G on strand I (residue 3); each with unique 3' neighbors.
Coordinates from X-ray data (23) were used to generate the model compounds. Following the generation of the model compounds, they were subjected to a conformational search and charge smoothing. The coordinates thus generated were then used to carry out the molecular mechanics studies.
The (C • G) pair in the middle of the central three pairs, where ...cxci.... ^d CCA... correspond to mutational hotspots, while •• -°£T" andi g£j-correspond to environments with lower rates of transition (21) . The latter undergo the (C-G) -(T-A) transition at approximately half the rate of the former. Table I also lists the relative mutational rates of the (C • G) pair in four different neighbor pair environments. The structures of these model compounds were initially constructed in the standard IS-DN A conformation. Values of geometric parameters obtained in these studies were then correlated with the frequencies of transition mutations.
COMPUTATIONAL METHODS
To study this many model compounds a rapid method of evaluating stable structures in solution was needed. We chose to use a free energy molecular mechanics method that has been successful in representing the free energy surface in peptide systems previously (26, (29) (30) (31) (32) (33) (34) (35) (36) . Below we decribe our extension to nucleic acids.
For these studies, the intermolecular potential energy was represented as a sum of atom-atom (pairwise additive) LennardJones and Coulomb terms between the solute and solvent (24) . We used an extended atom potential energy surface representation for our calculations. A well studied intramolecular potential energy surface was used in this paper for the DNA solute (25) . Thus the total potential energy, E, consists of torsion and bond angles, covalent bond, Coulomb and Lennard-Jones non-bonded terms. The charges for each atom were rationalized such that for any chemical type, charges within 0.1e~ were averaged to reduce the number of atom types (26) in the solvent calculations (see beow). The model for the aqueous solvent was represented by the three-site TIPS water model of Jorgensen (24) . The system was considered to be an infinitely dilute solution, with a temperature of 300K; the number density of water at that temperature and at standard pressure is Q =0.03334 A~3. The charges on the phosphates were taken to be 0.3e~ as suggested for modeling counterion condensation effects in oligomers (25, 27, 28) .
We wish to perform our minimizations and structural interrogations in solvent. Thus, we must consider the free energy surface which includes both the potential energy surface and the effects of the solvent both. The two major effects of solution taken into account, therefore are packing effects and dielectric screening. While computer simulations could be used, even one such free energy calculation would be extremely time consuming let alone the number of such studies conducted here. Integral equations provide a computationally convenient approximate way to pass from an energy surface to a free energy surface representation.
The integral equation method used to calculate the solution properties for each solute atom was the extended version of the reference interaction site model (RISM) theory, (29) (30) (31) (32) (33) which consists of the use of an Ornstein-Zernike like integral equation with the hypernetted chain (HNC) closure renormalized to allow for the use of coulombic terms in the potential. It is assumed that the effects of solvent on nearest (bonded) and the next nearest (in a covalent angle) neighbor atom pairs are negligible because they are connected by strong bond strectching and bond angle bending force constants. Therefore, an intramolecular solvent correction is only necessary for atoms separated by three or more bonds (34) ; all intramolecular pairs are included.
Here, we use the convention that the superscript u refers to solute and v refers to solvent. The extended RISM Equations at infinite dilution have the form of three separate equations for the atomic correlation functions, h, that can be solved successively for h™, h uv and h uu The solvent-solvent correlation function matrix, h uu for water is known from previous work (33) . Then h uv and h uu are obtained separately for all possible unique solute atom pairs at least three bonds apart in the solute molecule. By definition, we may relate, W(r), the adiabatic work for bringing 2 atoms to a distance r or the potential of mean force (PMF), to the radial correlation function between atoms a and y.
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By using the HNC equation we obtain
where c ay is the direct correlation function (32) . Then the correction term to the energy surface to produce a work surface is given by
Finally, the intramolecular PMF for the entire molecule, represented by W(lm) may be obtained within a superposition approximation (34, 35) as where l m is the entire set of coordinates for the molecule. AW Q7 (r) is frequently called the cavity potential for sites or atoms a and 7 at a distance r at infinite dilution. W(l m ) can, thus, be interpreted as the coordinate dependent Helmholtz free energy for the molecule in solvent environment. Knowing the W a7 (r) from equation (3), a matrix table was constructed of all different non-bonded pair combinations of atom types a and 7 on a distance grid. An effective potential surface for the nucleotides in aqueous solution (equation 4) is constructed by adding the solvent cavity potential to an existing vacuum molecular mechanics potential surface.
Once the free energy function is assembled, we may optimize the geometry of the system with respect to the free energy in solution. The adopted basis newton-raphson algorithm (36, 37) has been used on the Cartesian coordinates to minimize the structure. The use of the control compounds showed the insensitivity of our results to a limited number of starting configurations. Data not shown indicates that in a conformational search over rise and twist within 0.5A and 20° respectively, no significant differences were found for a test duplex. Larger search patterns would be expected to yield other minima.
Molecular mechanics studies of the mismatch models of this study in vacuum (dielectric of unity) showed a complete loss of the starting structure with wobble mismatches including partial or total strand unwinding. Inclusion of the solvent using the integral equation method stabilized duplexes with mismatches and resulted in a better definition of geometries and energies. This was also the case in lOOps dynamics simulation in vacuum and a 500ps dynamics simulation in explicit salt and water (38) . Unusual propeller twists, buckle angles, hydrogen bonds, and torsional angles were similar to those found in the earlier study (38) .
RESULTS
Backbone torsional angles a, /3, 7, 8, e, f, and the glycosidic bond angle x were analyzed in accordance with IUPA-C-IUB-convention (39) . The backbone shows conformational flexibility about three bonds: a, e, and f, for the P-O and O-C bonds. The P-O5' torsional angle a, sugar puckering angle 8 and torsional angle 7 showed little variation in all sequences, with or without mismatch. Angles e and f showed correlated variations which were localized to the mismatch and exhibited a dependence on the neighboring pairs and the strand (Table II) . Also interesting is the rotation of the glycosidic bond for thymine from antihigh anti (-sc) in mutants I, //and IV. The reverse was observed for guanine in the mismatched base pair of mutant II. The remaining torsional angles retained the starting structures (B-DNA). C2'-endo sugar puckering was maintained in all structures. Overall, conformations of sequences I-IV were found 
The three variable base pairs in the center of the heptameric sequences examined in this study are represented in bold. Those designated as sequences contain no mismatch, while mutants and controls contain a central (T.G) mismatch with T on strand I (Str I). The last column lists the relative rates of (C-G) -(T-A) transitions in these sequence contexts. The rates are relative to the rate for the slowest to be in the B-form. Mutants I-II containing 5'Cs were found to be between A-and B-forms; while 5'G-containing mutants III-IV were in the B-form. Controls I-II and lll-W showed similar results as mutants I-II and III-IV, respectively (see Table H ). This is consistent with structural changes seen in molecular dynamics studies of duplex oligomers in water (40) and in aqueous electrolyte solutions (41) .
Helical parameters for the model compounds, sequences, mutants and controls, were computed using Dickerson's nomenclature (41) . Since mismatches were found not to preserve Watson-Crick hydrogen bonding, some parameters were analyzed individually by strand, labeled in tables as Str I and Str II and defined in Table I. Table HI lists changes in the helix twist for the sequences and mutants. The helix was underwound at the mismatch in all structures. This was due to the partial destacking of the bases at the mismatch site (see Figs 1 and 2 ). Local unwinding occurs over a greater range in mutants I and //, which have a 5'C to the mispair. The Cl'-Cl' distances were also larger and showed a trend in the 5'C containing mutants. The roll angle (Table IV) , correlated with twist (Table nj) , was negative for thymine and positive for guanine in the mismatch of all mutants. Changes in the roll angle indicate that thymine migrates to the major groove and guanines to the minor groove upon going from sequence -mutant. This migration exposes the C6, O4 and methyl group (C5A) of thymine in the major groove, and H22, C6, 06, C5, N7 and C8 of guanine in the minor groove to solvent. Table V lists the solvent contact areas for each of the exposed atoms in the minor and the major grooves, determined with the program ACCESS (43) . The structures of sequences and corresponding mutants are shown in Figures 3-6 , with mispairs represented in bold. The structures are clearly different for the different neighbor pairs. Large propeller twists and buckle angles were obvious (see in mismatched pairs of the mutants (Table VI) . This is not unexpected since the mismatch results in increased freedom due to less interbase hydrogen bonding providing opportunities for hydrogen bonding with solvent. The stacking pattern of the mismatch with neighbors is also atypical. The extent of destacking appears to be correlated to propeller twist. Mutants I and // (Figs 3 and 4) exhibit larger propeller twists than mutants III and TV (Figs 5 and 6 ).
The helical rise (Table Vn) did not exhibit any sequence specific trends. Table VII also lists the widths of grooves for the various model compounds. In / and // the groove width increased on going from sequences -mutants, while a trend on going from sequences III and TV to mutants 111 and TV was not observed. Both intrastrand and interstrand hydrogen bonding schemes are seen in the mutants. Table VHI gives all the hydrogen bonding interactions for the mutants. Those containing 5'C did not show Watson-Crick pairing at the mismatch. Mutant TV, with a C1 '-C1' distance of 10.35A, shows a bifurcated hydrogen bond between the O2 of the thymine and H21 and H22 of the guanine. This corresponds well with crystal structures containing a wobble pair (12, 14) . Figures 1 and 2 show, respectively, the 5' and 3' stacking interactions with the mismatch in mutants. Stacking interactions between mismatched and 5'neighbor pairs were strong in the 5'purine-stacked-thymine containing mutants 111 and IV, in the presence of guanine, as in %.< j?:g{> $. Stacking interactions on the 'left' side (Str I) seems to be important in altering the structure of the mutants from that of the canonical B,. In the 5' pyrimidine-stacked-thymine mutants I and //, such as y < (TGJ > y me bases are less stacked due to the presence of cytosine (Figures la and lb) . Stacking on the 3'-side of diymine, in cases like I < $^ > \. and 5 j. < g;$ > |: is also poor (Figures 2a and 2b, respectively) . Stacking on the 3'-side of thymine in mutants III and IV, as in ^ < jj:$ > \, and i'< (AT)> y (Figures 2c and 2d, respectively) is weaker than on the opposite 5'-side, but stronger than diat seen for mutants I and // on the 3' side. Mutant IV stacks better than mutant III in the strongly stacked category. Loss of W-C pairing also has a pronounced effect on the glycosidic bond, where thymine on Str I rotates from -93 to -55, that is, from anti -high-anti (-sc) in mutant I, -71 to -85 in II, and -117 to -88 in IV.
DISCUSSION
T • G mismatches can arise due to the formation of the 5-methyl cytosine and the subsequent spontaneous deamination of the cytosine to produce a thymine. Free energy molecular mechanics calculations have demonstrated a sequence context effect on the conformation of the helix carrying a mismatch. The sequence context effects are well localized to the mismatch site but lead to alteration of the global conformation of the DNA helix. Analysis of the backbone showed correlated variations in some of the torsional angles in the model compounds. The transition of B r DNA -B n is due to correlated changes in e and f, which are major pivotal points for backbone structural variations in DNA. These angles have been used to explain many of the variations seen in this study. As e rotates from t (trans) to g (gauche), f rotates from g (gauche) to g-(gauche). In Bj, e and f are in t, g-, respectively, and g-, t in B n attributable to the 'crankshaft-like' relationship of their torsional angles (44) . We found die B r DNA -B n conformational change to occur in a sequence dependent manner, with the mutants containing 5'C in B n form and 5'G containing in the B[ form. We find that the guanine on the 5'side not only discourages the conformational changes in the molecule, but also exhibits a lower rotational freedom. This hindered rotational freedom has been attributed to the formation of a hydrogen bond by die Hoogsteen amino proton of die adjacent purine, anomolous hydration in the minor groove or a 'steric' barrier (45) . Our results are in excellent agreement with the structure of T • G mispairs in solution found by NMR (46) and X-ray methods (12, 14) .
Our findings show the general trends reported earlier (12, 14, 20, 45, 46) , in particular the correlated changes in the backbone angles (47, 48) . Local unwinding of the helix, migration of the purines and pyrimidines to minor and major grooves respectively, changes in the Cl'-Cl' distances (14) and increased rotational freedom of the mispair and sequence specific effects were also found.
The mismatched thymine showed uniform destacking in the mutants, unlike the opposing guanine. This could be due to stronger stacking interactions of the purine-upon-pyrimidine type. This is reflected in the Cl'-Cl' distance. Mutant IV resembles the structure seen by diffraction analysis (14) , with a Cl'-Cl' distance of 10.3 A and at least one strong hydrogen bond between 02 of diymine and HI of the guanine in the mismatch (see Fig  6) , just as was found in the crystal structure. Bifurcated hydrogen bonds, seen in crystal structures (47, 48) were also found in diese analyses. Discrepancies between solution structures using NMR and molecular mechanics and diffraction methods were attributed to the intermolecular end-to-end stacking of the helixes in the crystals (49). Differences between 5' guanine-containing mutant III and mutant IV appear to be due to weaker stacking in ///. This is reflected by an increase in the Cl'-Cl' distance from 10.35 A to 11.45 A for mutant IV -• mutant HI. Absent or weakened hydrogen bonds between pairs in IE is due to the slightly larger displacement of the mismatched bases, suggesting a preference for bonding with intervening waters. This represents a solventseparated minimum between bases. The geometric features of the mismatched base-pair in mutant I and // resemble each other. The Cl'-Cl' distances are almost the same (12.25A and 12.77A, respectively), a result of the destacking effects on both 5' and 3' sides of the mismatched thymine in these mutants. The hydrogen bonding pattern for these two is also similar. The pair mismatch does not show W-C pairing.
The magnitude of twist and roll for the mismatched pair indicate the helix to be underwound, giving the thymine more rotational freedom. This leads in turn to variations in backbone torsional angles. Rotations of backbone angles alleviates conformational stress (48) caused by the loss of W-C pairing constraints. The loss of stacking is caused by energetic competition with neighboring bases in these sequences as well as from solvation forces. Indeed, the lower stacking energy of pyrimidines appears to be the root cause for sequence dependent variations in the backbone angles around mismatches.
We found an anti -high-anti shift of thymine in the T • G mispair. Such an anti -high-anti shift for pyrimidines is rare because of steric hindrance. Such a shift was not reported in the earlier simulation studies (20) , possibly because the 5'neighboring guanine to the mismatched thymine in the earlier sequence was a constraint on rotation of the thymine. Guanine rotates in the opposite direction on Str II, from -74 to -107. This rotation is effected by steric hindrance, as well as by electrostatic repulsion between pyrimidine N6 or purine N8 and 05' (51) . The anti-high-anti movement of thymine on Str I causes this base to migrate into the major groove while guanine on Str II migrates into the minor groove, exposing various heteroatomic groups to solvent or enzymes, for interaction. The results obtained for mutants were corroborated by the results for the controls in both 5'C and 5'G-containing model compounds. Controls done provide an internal check for the validity of the variations shown by the T • G mispair in different contexts. Minor discrepancies between mutants and controls are due to minor variations in structures. The results shown are similar in both model compounds; ruling out the possibility that structures were trapped into unreasonable local energy minima.
Regions of alternating purine-pyriniidine sequence show greater mutation rates (21) and are said to be due to greater backbone elasticity, as inferred from diffraction studies (12) . By contrast, purine (pyrimidine) tracts are less prone to mutation. To examine this question, a model compound with a C-G tract sequence in the center, Icocc'.V.s' 1 was subjected to our molecular mechanics analysis. The results did not reveal any change in overall conformational state of the molecule upon the incorporation of a mismatch; rather it remained in the B r form, restricting the exposure of heteroatomic groups on the bases and of processes that might lead to mutations. (C.G) tracts had been shown to adopt the canonical B-form (52, 53) , and we find the B-structure to persist in tracts, even with mismatches. Homogeneity of interaction in such sequences appears to discourage large fluctuations in structure. Thus, local conformational variations clearly play a major role in the stability and mutability of DNA sequences, and in the case of tracts, to a greater structural uniformity and rigidity. 
CONCLUSIONS
The results of this study indicate that the local sequence context of a mismatch influences the conformation of the helix, and that conformational alterations are correlated with mutational activity. The extent of inter-and intra-strand interaction in mismatches in DNA is dependent on nearest neighbors, reflected in both structure and mutation rates of the same base pair with different neighbors. These studies on T-G mismatches in different neighbor contexts suggest that the 5' base to the thymine of the mispair is probably the single most critical factor in determining the structural features that facilitate or discourage mutations.
Subtle variations in stacking patterns around the mismatch precipitate a structural Domino-effect, with changes in conformation. The extreme example is the change of mutants I and // from tg to gg-. Only when cytosine is the 5'neighbor to the mismatched thymine, as it is in I and II, does the helix adopt a mostly B u conformation. The helix opens at the mismatch with increased roll angle and propeller twist, causing the thymine to migrate into the major groove and the purine into the minor groove, exposing the heteroatomic groups to the major and minor grooves, respectively, and allowing for some unusual hydrogen bonds. These alterations show an apparent correlation with mutation rates, implying that stacking and structure around the mismatch are important features in the discrimination by proofreading activities of canonical W-C and wobble mismatch base pair during replication-repair. In previous studies of mismatches in triple helix formation a number of similar factors were found to be responsible for the observed energetics (54) . In particular larger propeller twists were found for mismatched pyrimidines flanked by a pyrimidine with hydrogen bonding being satisfied by out of plane hydrogen bonds.
It has been proposed that the DNA polymerase insertion errors may be W-C-like (8), i.e. B] suggesting that the enzymes involved in the repair process recognize the canonical form. This hypothesis can, to some extent, be substantiated by the correlation between the local structure of the mismatched bases and the relative rate of mutations. It has been observed that the thymine is in a B n conformation in mutants I and //, and in a B] conformation in mutants IQ and IV. Interestingly the relative rate of (C • G) -(T • A) transitions (thought to be due to excision of G in (T • G) mismatch) is higher in mutants I and //, which leads to the speculation that the G which is of canonical type is being removed. The decrease in the relative rate of the mutants HI and W may be due to increased canonical behavior of the T in the wobble (T • G) pair, leading to its recognition and excision and thus restoring the (CG) pair. Variations in the Cl'-Cl' distances, high propeller twists, changes in the electrostatic complementarity leading to unusual hydrogen bonding patterns probably all contribute to recognition. The conformational status of the T in the mismatch seems to be responsible in influencing the relative rates of transition mutations in DNA. Hence, it can be concluded that the sequence and strand specificity of the context influences the mutations.
